A lytic enzyme induced in Micrococcus lysodeikticus strain 1 by infection with Ni bacteriophage was purified 45-to 50-fold by ammonium sulfate precipitation, acid precipitation, and selective adsorption of contaminating proteins with calcium phosphate gel. The optimal pH for activity of the enzyme was 6.5 to 7.0. Maximal activity occurred at 45 to 50 C and at an ionic strength of 0.06. The enzyme had a limited specificity and lysed cell walls of M. lysodeikticus with the release of dinitrofluorobenzene reactive groups. Living cells were lysed in the absence of phage; however, the rate of lysis increased when phage was present in excess of 10 particles per bacterial cell. Young cells were most sensitive, and the sensitivity decreased to a minimum with stationary-phase cells. Acting synergistically, lysozyme and the Ni-induced lysin caused lysis of cells which were resistant to either enzyme acting independently. The Ni lysin did not exhibit proteolytic activity.
was the first to describe a lytic enzyme associated with bacteriophage infection. The subject lay dormant until 1945, when Anderson (3) studied ultraviolet-irradiated T bacteriophage preparations. More recently, many phage-associated lytic systems have been described (2, 4, 8, 9, 13, 15, 16, 20) . The possibility of using these enzymes to study the chemical structure of the bacterial cell wall has greatly increased the interest in these enzymes.
Phage-associated lysins may be conveniently a divided into two general classes. The first class consists of enzymes which depolymerize the capsular material surrounding some bacteria. The second group is comprised of the majority of the lysins studied thus far. Their action is exerted on the bacterial cell-wall. Phage-induced lysins have been isolated from the medium after lysis of infected cells, and from the bacteriophage particles themselves. Murphy (15, 16) compared the enzyme found in lysates with the one isolated from phage particles and found them to differ in several properties. He suggested that the latter aided in the infective process, whereas the former was responsible for 1 Submitted by the senior author in partial fulfillment of the requirements for the Ph.D. degree. 2 Present address: Food Research Institute, University of Wisconsin, Madison 53706. lysis of cells at the end of the latent period. The question of how the ly'cic enzyme is able to cross the cell membrane to act on its substrate remains unanswered.
On the basis of their site of action on the cell wall, phage lysins may again be divided into two types. The "backbone" splitting enzymes which act on the amino sugar linkages form one group, and the enzymes which cleave amide or peptide bonds, or both, fall into the second group.
This report describes the characteristics of a cell wall-digesting enzyme obtained from the lysates of phage-infected cultures of Micrococcus lysodeikticus.
MATERIALS AND METHODS
Bacterial cultures. M. lysodeikticus strain 1 (ML-1) as described by Naylor and Burgi (17) was the organism used for phage and enzyme production. It (7) .
Forniylationi of cell walls. Cell walls were formylated according to the method of Perkins (18) .
Acetylation of cell walls. The method used was that of Heymann et al. (12) . O-acetyl groups were removed by incubating the treated cell walls in 0.1 Ni glycineNaOH buffer at pH 10.6. Dinitroplhenylation of cell walls. A 10-mg sample of cell walls was suspended in 2 ml of 1% (w/v) Na2B4-07 10H20 solution. To this was added 0.25 ml of dinitrofluorobenzene (0.1 M in absolute ethyl alcohol), and the mixture was heated at 60 C for 30 min. The walls were removed by centrifugation and washed successively with absolute ethyl alcohol-water (2: 1, v/v), absolute ethyl alcohol, and water. The dinitrophenylated walls were suspended in distilled water and stored in the dark at 5 C until needed.
Determinlationt of free NH. groups canid ainillno sigars. The methods used were those of Ghuysen and Strominger (11) .
Assay for proteolytic activity. A 0.5%0 solution of casein or serum albumin was autoclaved at 121 C for 20 min; 8 ml of sterile substrate was added to 2 ml of partially purified enzyme preparation, and the mixture was incubated at 37 C. Portions ( ml) were withdrawn periodically, added to 9 ml of 10%71 trichloroacetic acid, and allowed to stand at room temperature for 1 hr. The resulting precipitate was removed by centrifugation and filtration, and the supernatant liquid was adjusted to pH 10.5 with 10 N KOH. Trichloroacetic acid-soluble protein was then determined by the method of Lowry et al. (14) .
RESULTS AND DISCUSSION
Purification and properties of the lytic enzym12e. Earlier, we reported that the NI induced lytic enzyme could be partially purified by use of ammonium sulfate precipitation and subsequent selective adsorption to and elution from calcium phosphate gel (Goepfert and Naylor, Bacteriol.
Proc., p. 142, 1964) . This procedure resulted in a 37-fold purification, but the reliability varied with each lot of calcium phosphate gel. For this reason, the following procedure, which yielded more reproducible results, was established. The result of a typical purification is summarized in Table 1 .
To a crude lysate containing 15.5 units of lytic activity per ml, several small crystals of deoxy--ribonuclease were added, and the mixture was incubated at 37 C for 20 min. At that time, the nonviscous lysate was chilled to 0 C, and solid (NH4)2SO4 was added until 20%" saturation was achieved. The fine precipitate which resulted was removed by centrifugation, and the supernatant fluid was adjusted to 40% saturation with (NH4) 2SO4 (no corrections were made for changes in volume). The precipitate was collected by Figure 1 shows the effect of pH on the activity of the lysin. The enzyme was active over a wide range of pH values and had an optimum between pH 6.5 and 7.0.
The lytic activity increased with the temperature ( Fig. 2) to a maximum between 45 and 50 C. The heat stability of the enzyme at various pH values was determined (Fig. 3 ) by heating samples of the partially purified preparation to 45 C for S min and then quickly cooling them to 0 C prior to readjusting to pH 6.5 for assay of residual activity. It had been previously determined that no change in pH occurred during heating, although some of the pH values were outside the effective range of the phosphate buffer system in which the enzyme was suspended. Further studies have shown that the enzvme is most stable to heat at pH 8. All lytic activity was destroyed by heating the enzyme to 55 C for 5 min, regardless of the pH of the menstruum.
The enzyme could not be sedimented by cen trifugation at 100,000 X g for 24 hr. Column chromatography of the partially purified preparation on Bio-Gel polyacrylamide indicated that the lytic enzyme is a relatively small protein (molecular weight, 30,000 to 60,000). Our previouLs work disclosed that the Ni induced lysin has a nonspecific requirement for divalent cations. At that time no data were obtained to indicate that monovalent ions were either stimulatory or inhibitory. In the present study, purified enzyme preparation was exhaustively dialyzed at 1 C against 0.0001 M phosphate buffer at pH 6.5. Different levels of NaCl were then added back to determine the optimal ionic strength for enzyme activity. As depicted in Fig. 4 , lytic activity increased with the ionic strength to a value of 0.06 and thereafter decreased slightly.
The effects of various chemical and physical treatments on the lysin are presented in Effect of pH on the heat stability of Nl-infectious particles/ml were added to a 24-hr culinduced lytic enzyme. Samples of lytic enzyme were ture of ML-1 at the rate of 0.1 ml of phage susheated to 45 C for 5 min, and then quickly cooled to pension to 0.1 ml of culture. These mixtures were 0 C prior to adjusting to pH 6.5 for assay of residual incubated at 37 C for 5 min, and then 0.8 ml of activity.
Ni enzyme preparation (6 units/ml) was added to each. The results (Fig. 6) show that the enwas not impaired by the addition of antiserum zyme preparation caused rapid lysis to occur and prepared against the intact phage particles.
that no lysis could be detected in the absence of Sensitivity of whole cells. The specificity of the enzyme even when phage to cell ratios as high as enzyme is shown in Table 3 . Gram-negative or-1,000:1 were employed. Enzymatic lysis was 704 J. VIROL. (Fig. 7) show that neither Ni lysin nor lysozyme (0.5 ,ug/ml) had much effect on BLR. However, when the two enzymes were added together prior to adding the BLR cells, a synergistic action resulted which caused rapid lysis to occur. The synergistic phenomenon was also observed when ML-1 was the test organism. To determine whether or not the Ni enzyme preparation contained a protein other than the lysin, capable of facilitating lysozyme action, samples of the preparation were singly subjected to several treatments (trypsin, 0.5 mg/ml; ethylenediaminetetraacetate, 5 x 10-3 M; and heating to 55 C for 5 min) known to inhibit or destroy the phage-induced lysin. The treated preparations were then tested for their effect on lysis of BLR by lysozyme. No stimulation was observed, although it must be pointed out that the existence of a protein other than the Ni lysin which facilitates lysozyme action cannot be unequivocally ruled out.
Whereas living BLR cells were relativly insensitive to lysis by either phage lysin or lysozyme, the situation changed when the cells were heatkilled (Fig. 8) Figure 11 shows the effect of these treatments on the rate of cell wall lysis by the the Ni enzyme. Formylation and acetylation resulted in a stimulation of the rate of lysis when compared with untreated walls. Dinitrophenylation of the walls caused the walls to become almost totally resistant to lysis. This effect was probably due to steric hindrance brought about by the introduction of the relatively large dinitrophenol molecule.
Assays for proteolytic activity of the NI enzyme preparation showed no release of trichloro- 
